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N EXECUTIVE SUMMARY
\
This report describes the PROTEUS model, a computer program
developed -at Applied Researth Laboratories, The University of Texas at
Austin (ARL:UT), to ca]cu]atega broadband set of normal modes for range

jnvariant environments. -~

The getechon of a low frequency broadband sound source in shallow
water has become a significant problem in underwater acoustics. M
assessment of the environment's impact on such \a’ detection process "
requires (in addition to a specification of the source and a choice of
detection algorithm) some means of modeling the signal propagation.; Ray
theory, while an excellent approximation for high frequency or deep
water, loses its validity in the present regime where the water may not
be many wavelengths deep. ™A wave theory propagation model such as a
normal mode model is needed. ST

\

- [
2 P

At ranges of interest (/;5 water depths) continuous spectrum
contributions are nil, and the acoustic field can be constructed solely
from the discrete modes.x. The calculation of a suitable mode set for a
given frequency is well u derstcmd1 and computer models exist to do the
job. PROTEUS is a multifyequency extension of one such model--ARL:UT's

robust single frequency mode model NEMESIS.2
1
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I. INTRODUCTION

Doy e 1 [ A

In 1983 “the normal mode model PROTEUS‘_/;as"develoried at ARL:UT for
use in the analysis of socean acoustic data. The model and its
postprocessors simulate broadband propagation in range invariant
environments. A wave theoretic ap_g;g_agh wa‘s‘c_m;:sen to allow operation at
low frequency in shallow water (@200 Hz, g§300 m), where ray theory may
not be applicable. PROTEUSqWas> based on the original ARL:lLTf‘lisingle
frequency normal mode modelr) NEMESIS in order to 1limit software
development time while producing a reliable program with a familiar user
interface. This report describes the foundations of the PROTEUS fodel> . -

* ‘and presents sample output products. - - 7 g e adee o4 vi)




II. OUTLINE OF THE PROBLEM

PROTEUS solves the depth separated wave equation

with boundary conditions

where

_szu“ ____2—“’2 K2 0 (1)
+ - u., = s
dz c(z) i
un(O) =0 s (2)
og * Un(Hp) = opq » up(iz) (3)
| o
dz |,.y- dz + ’
Z-HQ, z=H2

Up is the eigenfunction (a velocity potential),

kn is the eigenvalue,

z is the depth,

w is the (radian) source frequency,

c(z) is the sound speed profile,

2 is the environmental layer index
(1 = water, 2 = first sediment layer, ...),

Hy s H; are the depths just above and below the bottom of the
2th layer (H;=0),

Py is the density of the 2th layer, and

n is the mode number.
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The boundary conditions embody the following physical requirements.

(1) The sound field must vanish at the air-water interface
(pressure release condition).

(2) The pressure must be continuous.

(3) The vertical component of the fluid velocity must be
continuous.

Operation is limited to low fregquency (less than 1 kHz), and to
range invariant environments. The model assumes that the environment is
composed of up to 10 horizontally stratified fluid layers representing
the water and the sediment. Within each layer the sound speed may vary
with depth, but the density remains constant throughout the layer. Below
the fluid layers is a semi-infinite substrate with constant density,
sound speed, and shear speed. Sound speeds and densities may be
discontinuous at layer boundaries.

-
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I11. COMPUTER METHODS

In constructing the model, attention has been focused on the
development of analytical capability rather than on the development of
new numerical methods. Consequently, the proven methods used in NEMESIS
(e.g., parallel shooting with a Numerov integrator) were adopted wherever
and whenever possible. The remainder of this section describes the
nfixes" that proved necessary for efficient broadband operation.

Speed was an important factor. The necessary broadband products
could be generated by separate NEMESIS runs at a series of frequencies,
together with an interpolation postprocessor. That approach, however, is
too slow. It wastes a great deal of time by making the iterative
algorithm start over from scratch at each new frequency. Instead, at
each frequency above the lowest one, PROTEUS gets its initial eigenvalue
estimate by extrapolating the results from the previous frequency. The
estimate for kn at w+lAw is simply

- Aw
kn(w+Aw) = kn(w) + V;\*(a-)' s

where kn(w) and vn(w) are, respectively, the eigenvalue and group velocity
found at the previous frequency, w . For frequency steps of typically
Aw/2m = 10 Hz, this bootstrap procedure reduces the required iterations
and thus the run time by roughly a factor of 10.

Another important consideration was portability of the model.
NEMESIS was written in FORTRAN 66 and Control Data Corporation (CDC)
assembly language. Had PROTEUS followed this lead, it would be necessary
to change the assembly language portions at every non-CDC facility, and
probably to convert to the now standard FORTRAN 77. Instead, PROTEUS was
implemented entirely in ANSI standard FORTRAN 77. Portability problems
should thus be reduced to an absolute minimum,
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After speed and portability, the most important design factor was
the data storage method. The model generates large output files which
must be accessed repeatedly by the postprocessor routines to obtain
eigenvalue/eigenfunction information for various frequencies and mode
numbers. To make this process as efficient as possible, the data files
are direct access files, which can be accessed randomly according to
record number. Each is accompanied by a sequential directory file which
associates record number with mode number and frequency. To extract
data, a postprocessor need only read the correct record numbers from the
directory file and then access the data file. This avoids the
considerable expense that would be associated with reading all the data
from one large sequential file.
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IV. SAMPLE OUTPUT

This section contains examples of the graphical outputs of the
postprocessors currently available for PROTEUS. A1l of them pertain to
the environment shown in Fig. 1. This figure depicts the sound speed
profile in the water and sediment and is Tlabeled with the densities of
the water, sediment (a single layer in this example), and substrate, as
well as the name of the data file (IND4).

Figures 2, 3, and 4 show the first three modes in 10 Hz increments
from 30 to 100 Hz. (They have discontinuities at the sediment interface
since they are velocity potentials, rather than opressures.) From these,
the user can form qualitative estimates of (1) *he amount of vertical
movement of the mode maxima with frequency and (2) the degree of mode
penetration into the sediment. Figure 5 quantifies the latter. Here,
the mode penetration depths (i.e., turning depths) for these modes are
shown as a function of frequency.

In Fig. 6, the eigenvalues for the first 30 modes are plotted
against frequency. The associated group velocities and resulting mode
arrival times at 1 km are plotted in Figs. 7 and 8, respectively.

........................................
.............................
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
...................................
.




FILE IND4

DENSITIES (eM/CD)

LOY
L85
230

DEPTH (M)

R

g ! | ' 5% T T ! T n
1600 1625 1850 . 1675 1626 |
SOUND SPEED (M/S) 7

3

]

Y

FIGURE 1 B

SHALLOW WATER ENVIRONMENT SOUND SPEED oy

PROFILE FOR WATER AND SEDIMENT N

(DENSITIES ARE FOR WATER, SEDIMENT, AND SUBSTRATE) R

8 AS-84-786

.




DEPTH (M)

FILE IND4
FREQUENCY 30.00 HZ T0

100.00 HZ

——
Y r e PP P PP,

FIGURE 2

MODE 1 AT 30, 40, ..

.y 100 Hz

AS-84-787




1

DEPTH (M)

P i L A e A - e A M I R e L L I R A

FILE IND4
FREQUENCY 30.00 HZ TG  100.00 HZ

.'27012?012P1 2]0 Lquollﬁolirl 110

|
Je

FIGURE 3 o
MODE 2 AT 30, 40, ..., 100 Hz o

10 As-84-788 [




A AN NG i LU ML Py t ISR T AR AR A AL BAL LRSS ST s DA G MO S s

T S h S0 2
. . ‘-\*" \,"\‘~

As-84-789

(% ‘....~

g Johud e i Bie Sniee amen

100.00 HZ
.» 100 Hz

N

FIGURE 4

30.00 HZ T0O
MODE 3 AT 30, 40, ..

FILE IND4

FREQUENCY

N
-
|

o, .':. -
I I

"o ok o0 o 06 _%:r&&_n_owm_ "olt ot oz oz of2 ol | :




(]

E
I
r—
a
s
o
<
)
—
—
o o
o
'—
w
z
TV
Q.
w
o
[
x

N

W

7
FREQUENCY '(H2)

P P A R N S S O D O D

FIGURE 5

MODE PENETRATION DEPTHS FOR
MODES 1, 2, AND 3 AT 30, ..., 100 Hz

AS-84-790

S SRE SR Tl e RS SR AU AT R RS L S ISR O
A I IS A AT T I AT 3 AT NI N



.................

: IND4

v

N
|
N\

P

EIGENVALUE (M7

°f

« o .
% % %
.

[t W S
'.." v

0,0

L) l’a,

30 N J&Aﬁ' édAAT gO ‘ ;0 '8 ‘35“r iaﬂ
FREQUENCY

SIS . 30 e 2 e aer)

r‘r‘:'r‘ [ 4

FIGURE 6
EIGENVALUES FOR MODES 1 TO 30 AT 30, ..., 100 Hz

IS L

« ' e
et
PUNET N W )

13

AS-84-791

0 S0 ST o 1 g A g



LR A s . N - Ll e e RS mee a7

INDY

MV

N T P

o e CRUP JELOCHY
llmllllIlllmllllll]_luIllllllhllllll}lmlllllll il

1500

:
83 T 1 ] T T

Y 60 60 70 8 90 100 :
FREQUENCY (HZ) "
o
FIGURE 7 \

GROUP VELOCITIES FOR MODES 1 TO 30 AT 30, ..., 100 Hz

14 AS-84-792

R O T R R N N NN N A SN D



T Yy ‘ol ot Pk Sl S SRR e A o e
RNty st RISt A S ol A S S A S R R A A A T

~ IND4 RANGE = 1000. M

T

70
|
«:‘-—-f_‘_“-
il

30

| L 1 1T 1 L

/0 » /6
MODE ARRIVAL TIME (SEC)

b5

FIGURE 8

MODE ARRIVAL TIMES AT 1 km RANGE FOR MODES 1 TO 30
AT 30, ..., 100 Hz

F&EQUENCY
¥ 7 i
—
e
—

80

AS-84-793




........................

REFERENCES

1. R. Gonzalez, "The Numerical Solution of the Depth Separated Acoustic
Wave Equation,” M.A. Thesis, The University of Texas at Austin,

1979.
ARL:UT Technical Report on NEMESIS, in preparation.

et " o -
.............

-------



No.

U1 8 W N -

FOWO~NO

b

12

13

14

15
16

DISTRIBUTION LIST FOR
ARL-TM-85-6
UNDER CONTRACT N00014-83-K-0345

Commanding Officer
Space and Naval Warfare Systems Command
Department of the Navy
Washington, DC 20360
Attn: LT B. Ogg(Code 612)
R. Mitnick (Code 612)
COR C. Spikes (PDE 124-60)
L. Parish (PDE 124-50)
K. E. Hawker (PDE 124-60AC)

Commanding Officer
Naval Ocean Research and Development Activity
NSTL, MS 39529
Attn: E. D. Chaika (Code 270)
R. Gardner (Code 201)
D. B. King (Code 321)
W. A. Kuperman (Code 220)
R. Martin (Code 110A)
W. W. Worsley (Code 110A)

Chief of Naval Research
Department of the Navy
Arlington, VA 22217

Attn: M. McKisic (Code 4250A)

Office of Naval Research Detachment

Naval Ocean Research and Development Activity
NSTL, MS 39529

Attn: G. Morris (Code 425GG)

Director

Naval Research Laboratory
Department of the Navy
Washington, DC 20375

Attn: B. B. Adams (Code 8160)

Commanding Officer
Naval Ocean Systems Center
Department of the Navy
San Diego, CA 92152
M. A. Pederson
H. P. Bucker

1 August 1985




Distribution List for ARL-TM-85-6 under Contract N00014-83-K-0345
(Cont‘d)

Co

No.

17
18

19

20
22

23

24

25
26
27

Commander

Naval Sea Systems Command
Department of the Navy
Washington, DC 20362

Attn:

D. E. Porter (Code 63R1)

Commander

Naval Surface Weapons Center
White Oak Laboratory
Department of the Navy
Silver Spring, MD 20910

Commander

David W. Taylor Naval Ship Research and

Development Center
Department of the Navy
Bethesda, MD 20034

Naval Oceanographic Office
Department of the Navy
NSTL, MS 39522

Attn:

W. Jobst (Code 7300)
J. Allen &Code 7310
R. Hecht (Code 7332

Commander

Naval Air Development Center
Department of the Navy
Warminster, PA 18974

Attn:

C. L. Bartberger

Commander

Naval Air Systems Command
Department of the Navy
Washington, DC 20362

Attn:

S. McBurnett

Officer in Charge

New London Laboratory

Naval Underwater Systems Center
Department of the Navy

New London, CT 06320

Attn:

B. Cole
F. R. DiNapoli
P. Herstein

BB ol nd s




N g e/l il i A G 5 S~ Tl Sl il Sl Al b b b~ S e -Raat Shard P A B

Distribution List for ARL-TM-85-6 under Contract N00014-83-K-0345
(Cont'd)

Copy No.

28 Director Naval Warfare
Deputy Undersecretary Defense R&E
Room 301048, Pentagon
Washington, DC 20301

OASN (R,E&S)

Room 4D745, Pentagon

Washington, DC 20301
29 Attn: G. A. Cann

Superintendent
Naval Postgraduate School
Monterey, CA 93940

30 Attn: Library

Commander
Naval Coastal Systems Center
Department of the Navy
Panama City, FL 32407

31 Attn: G. MclLeroy

',l ll . _y'_ 1'A~' .'..

v,
“e'a

.
“ ¥

Defense Advanced Research Projects Agency
1400 Wilson Blvd.
Arlington, VA 22209

32 Attn: CDR K. Evans (TTO)

33 C. E. Stuart

34 Commander

Naval Intelligence Support Center
- 4301 Suitland Road
o Washington, DC 20390

35 - 46 Commanding Officer and Director
Defense Technical Information Center
Cameron Station, Building 5
5010 Duke Street
Alexandria, VA 22314

v
T
4 T e 0 0

) .rT

Sl adut}

'l ‘- 0 *

. LI B P
PO

Woods Hole Oceanographic Institution :

86-95 Water Street ]

Woods Hole, MA 02543
47 Attn: R. Spindel

AL G




Distribution List for ARL-TM-85-6 under Contract N00014-83-K-0345
(Cont'd)

Copy No.

Science Applications, Inc.
1710 Goodridge Drive
Mclean, VA 22101

48 Attn: C. Spofford

49 J. Hanna

Applied Research Laboratory
The Pennsylvania State University
P. 0. Box 30
State College, PA 16801
50 Attn: S. McDaniel

Marine -Physical Laboratory of

X The Scripps Institution of Oceanography
- The University of California, San Diego
k San Diego, CA 92132

. 51 Attn: F. Fisher

A 52 G. Shor

Scripps Institution of Oceanography
The University of California, San Diego
La Jolla, CA 92037

53 Attn: Library

54 R. Tyce

Bell Telephone Laboratories, Inc.
Whippany Road
Whippany, NJ 07961

55 Attn: A. Carter

56 R. Holford

57 D. Romain

Planning Systems, Inc.

7900 Westpark Drive, Suite 507

McLean, VA 22101 I
58 Attn: R. Cavanaugh
59 B. Brunson

TRW, Inc.
TRW Defense & Space Systems Group
Washington Operations
7600 Colshire Drive
McLean, VA 22101
60 Attn: R. T. Brown
61 I. Gereben

et e e e

)
e

22

A PRCAK

r'p
A

-------------




Distribution List for ARL-TM-85-6 under Contract N00014-83-K-0345
(Cont'd)

Copy No.

Defence Scientific Establishment
HMNZ Dockyard
Devonport, Auckland
NEW ZEALAND
62 Attn: K. M. Guthrie

Defence Scientific Establishment
: Naval Post Office

g Auckland, NEW ZEALAND

i 63 Attn: Scientist-in-Charge

5 School of Mechanical Engineering

3 Georgia Institute of Technology
Atlanta, GA 30332

64 Attn: A. D. Pierce

Department of Geology and Geophysics
Geophysical and Polar Research Center

Lewis G. Weeks Hall for Geological Sciences
X The University of Wisconsin, Madison

- 1215 W. Dayton Street

E Madison, WI 53706

. 65 Attn: C. S. Clay

Courant Institute
251 Mercer Street
New York, NY 10012
66 Attn: D. C. Stickler

Bolt, Beranek, & Newman, Inc.
50 Moulton Street
Cambridge, MA 02138

67 Attn: H. Cox

Hawaii Institute of Geophysics
The University of Hawaii
2525 Correa Road
Honolulu, HI 96822
68 Attn: L. N. Frazer

Director

North Atlantic Treaty Organization
SACLANT ASW Research Centre

APQO New York 09019

Attn: T. Akal

TR
e v ! LA M T Y

23




PR B R NI I ST e aCy B S (A it et AR N - o e I o i s a-a e a g s et -

...................

Distribution List for ARL-TM-85-6 under Contract N00014-83-K-0345
(Cont'd)

Copy No.

Defence Research Establishment Pacific
FMO victoria, BC
VOS 1B0 CANADA

70 Attn: R. Chapman

Defence Research Establishment Atlantic
9 Grove Street
P. 0. Box 1012
Dartmouth, NS
CANADA
71 Attn: D. Chapman

Rosenteil School of Marine and
Atmospheric Science
The University of Miami
10 Rickenbacker Causeway
Miami, FL 33149
72 Attn: H. DeFarrari

Applied Physics Laboratory
The Johns Hopkins University
Johns Hopkins Road
Laurel, MD 20810

73 Attn: J. Lombardo

74 R. Henrick

Department of Ocean Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

75 Attn: 1I. Dyer
76 G. Duckworth
77 A. Baggerar

The University of Miami
10 Rickenbacker Causeway
Miami, FL 33149

78 Attn: F. Tappert

Physics Department
The University of Rhode Island
Kingston, RI 02881

79 Attn: C. Kaufman

A

L

'L ;;it_‘:l’ll"' '

B
I PR WP ISP

NI

24

T R A s O A T T e e e e e e e e e s
SRR ~ - - SRS ISR AR N T T S
PR TSI A N, r};t}-('&‘.-:‘wii:'r@.c.cl-c.s:-‘.‘ch-'u' s T e . X




o
v rv. ¥

[,
: v

Distribution List for ARL-TM-85-6 under Contract N00014-83-K-0345 .
(Cont'd) ' .
Copy No. ;

Department of Electrical Engineering :
3 Polytechnic Institute of New York i
o~ Farmingdale, NY 11735 .

80 Attn: L. B. Felsen
Knockvennie, Castle Douglas 3

S. W. SCOTLAND
GREAT BRITAIN

Department of Geology
- The University of Texas at Austin :
- Austin, TX 78712 ¢
. 82 Attn: C. Wilson 2

. Physics Department

. The University of Auckland

. Private Bag, Auckland

: NEW ZEALAND g
- 83 Attn: A. C. Kibblewhite >
. 84 C. T. Tindle :

5 Chinhae Research Laboratory
. P. 0. Box 18
. Chinhae, Kyeong Nam
KOREA
85 Attn: Jungyul Na

v v v v

The Lamont-Doherty Geological Observatory X
Columbia University :
Palisades, NY 10964

& 86 Attn: R. D. Stoll

= Ocean Data Systems, Inc.
Defense Systems D
6110 Executive Blvd., Suite 320 ]
Rockville, MD 20852 R

. AR :
3 89 Nancy R. Bedford, ARL:UT :
90 Kar1 C. Focke, ARL:UT ;
S 91 Stephen G. Houser, ARL:UT

. 92 Jo B. Lindberg, ARL:UT

S 25 E




L’".‘T. ORI S S SN L SN RSP i g SRl iV M AT M D (et i St pabt St S gl i g (e A S D T 4 oSt S it e S i i
¥

Distribution List for ARL-TM-85-6 under Contract N00014-83-K-0345
(Cont'd)
: Copy No.
93 Robert A. Koch, ARL:UT
% 94 David Knobles, ARL:UT
. 95 Stephen K. Mitchell, ARL:UT
. 96 David W. Oakley, ARL:UT
;' 97 Clark S. Penrod, ARL:UT
g 98 Carol V. Sheppard, ARL:UT
'i 99 Paul J. Vidmar, ARL:UT
: 100 Library, ARL:UT
101 - 111 Reserve, ARL:UT
i? 26 :
"
: .
T T e e e e e e e e e L L S L e e N BTN

N R ARSI 2N



AN IV St 3 W ryg - 73 1 0 g Sy gy o S S S S Sl o s S, S Pl Ay, A Sl St S RO

e
2 A
AP )




